T-phases excited by suboceanic earthquakes are classified into two types: abyssal phases which are excited near the earthquake epicenter at seafloor depths far below the SOFAR velocity channel, and slope T-phases which are excited at continental, or ocean island slopes and ridges at distances up to several hundreds of kilometers from the epicenter. In this article, it is demonstrated that approximate time-frequency characteristics of both classes of T-phase can be synthesized under the assumption that T-phases are excited by scattering from a rough seafloor. Seafloor scattering at shallow depths preferentially excites low order acoustic modes that propagate efficiently within the ocean sound channel minimum. At greater depths, scattering excites higher order modes which interact weakly with the seafloor along much of the propagation path. Using known variations in near-source bathymetry, T-phase envelopes are synthesized at several frequencies for several events south of the Fox Islands that excited both types of T-phase. The synthesized T-phases reproduce the main time vs frequency features of each type of arrival; a higher frequency, nearly symmetric arrival excited near the epicenter and a longer duration, lower frequency arrival excited near the continental shelf, with a peak amplitude at about 5 Hz.
I. INTRODUCTION
Seismic events below the seafloor generate ocean-borne acoustic phases, called T-phases, that propagate great distances within the ocean sound channel minimum with little transmission loss. Because of their efficient propagation, T-phases can be detected for low magnitude events that are not observable at land-based seismic networks. 1 Therefore T-waves have been used to investigate swarms of tectonic activity associated with seafloor spreading at the Mohns Ridge, 2 at the Gorda Plate, 3 and at the Juan de Fuca Ridge. 4 Further research into T-phases has been stimulated by the need to monitor compliance with the Comprehensive Nuclear Test Ban Treaty ͑CTBT͒; a hydroacoustic network is being installed as part of the International Monitoring System ͑IMS͒ to detect and locate events that generate hydroacoustic phases. Methods to discriminate between explosions and naturally occurring tectonic events are currently being developed. 5 Ultimately, a better understanding of the physics of T-phase excitation can aid both in geophysical investigations and in monitoring the CTBT.
Early hydroacoustic recordings indicated that T-phases are excited in shallow regions where the seafloor is sloping, i.e., near islands or submarine promontories, and not necessarily at the earthquake epicenters. 6, 7 This ''slope'' T-phase often features multiple peaks associated with bathymetric highs in the vicinity of the epicenter, [6] [7] [8] thus the source region can often be recognized by its signal characteristics. 9 Another class of seismically generated acoustic phases, with source locations coincident with earthquake epicenters far below the ocean sound channel, was later identified. 7, 10 These ''abyssal'' T-phases are characterized by a higher dominant frequency than that of the slope T-phase, and by symmetric coda about the peak frequency arrivals. 11 Abyssal
T-phases are often weaker than those generated in shallow regions, further from the epicenter. 9 The distinct characteristics of the slope and abyssal T-phases are widely thought to derive from distinct seismic to acoustic coupling mechanisms ͑e.g., Refs. 7, 10, and 11͒. Excitation of T-phases in shallow regions near islands or near the continental shelf is usually attributed to downslope propagation, 12, 13 which occurs where steep slopes intersect the sound channel. In this description, acoustic energy is refracted nearly vertically into the ocean column and is transformed to a horizontally propagating phase by multiple reflections between the sea surface and the sloping seafloor. However, in Ref. 14 we showed that for a gently sloping, sediment covered seafloor, the shape of the T-phase envelope is consistent with a coupling mechanism that is dependent mainly on depth rather than slope, and attributed the excitation of the slope T-phase to seafloor scattering. Excitation of the abyssal T-phase has variously been attributed to coupling between Stoneley waves and the SOFAR sound channel, 15 and reflection scattering from either the seafloor or sea surface, 10 or from the overlying sea ice.
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Although downslope propagation may be an efficient T-phase excitation mechanism for a steeply sloping, rocky seafloor, it is far less efficient for a gently sloping, sediment covered environment typical of continental shelves. Given that water-saturated seafloor sediments cannot support steep slopes, a large number of seafloor reflections would be required to transform the energy into the horizontal direction. For velocities typical of the sediment covered seafloor, 16, 17 reflection coefficients range from 0.2-0.4, thus most of the specularly reflected energy is lost.
In this article we demonstrate that, for a sediment covered seafloor with shallow slope, we can numerically synthesize the general frequency vs time characteristics of both classes of T-phase under the assumption that they are excited primarily by small scale scatterers at a rough seafloor. In the next section we show that, since seafloor scatterers excite acoustic modes in proportion to their intensities at the ocean floor, only leaky modes which interact with the seabottom can be excited. Scattering at shallow depths excites low order acoustic modes that initially propagate in both the ocean column and sedimentary layer, but cease interaction with the seafloor as they propagate seaward. Higher modes, which fill up more of the sound channel and are thus more prone to attenuation at seamounts and ridges, are preferentially excited at greater depth. For several events south of the Fox Islands, we compute approximate source locations for peak T-wave arrivals and find that the seismic velocity corresponding to arrivals excited at a distance from the epicenter is consistent with shear wave propagation. Finally, we use known variations in near-source bathymetry to synthesize T-wave envelopes at several frequencies, and demonstrate that these show broad agreement with observed T-phases.
II. THE SEAFLOOR SCATTERING MODEL
Given the significant velocity contrast between rock at earthquake source depths and the sediment covered seabottom, seismic energy is refracted nearly vertically upwards at the crust-sediment interface. Any method of numerically synthesizing the time-frequency characteristics of earthquake-generated T-phases must account not only for the physics of coupling from nearly vertically propagating seismic waves to nearly horizontally propagating acoustic waves, but also the effects of seismic propagation through the attenuative crust and upper mantle, and acoustic transmission blockage by bathymetric features within the ocean column. As in Ref. 14, we assume that T-phase excitation along the continental shelf is dominated by seafloor scattering, and that slopes are sufficiently gentle that acoustic propagation through the ocean waveguide is approximately adiabatic ͑i.e., we neglect mode coupling͒. If the seafloor is treated as a sheet of point scatterers, the pressure contribution from each point is given by the energy-conserving adiabatic mode solution to the wave equation in a stratified waveguide, i.e., p͑r r ,z r ͒ϭ 1
where ⌿ m (r s ,z s ) and ⌿ m (r r ,z r ) are the mode functions at the source and receiver locations, respectively, k m is the complex wave number, and the summation is over the mode number m. 18 For seafloor scatterers, the source depth is equal to the seafloor depth. Thus a point scatterer on the ocean floor excites modes in proportion to the mode amplitude at the ocean floor. Thus only leaky modes, which propagate in both the ocean column and the ocean bottom, can be excited by scattering of seismic energy into acoustic energy at the seafloor.
Energy is lost in the propagation of leaky modes as long as they interact with the seafloor. Given that k m is complex valued, the exponential term in Eq. ͑1͒ yields along path transmission losses. However, we chose instead to use a result from perturbation theory 19 to compute transmission loss; in this formulation, the attenuation of a given acoustic mode is estimated by the fraction of that mode's energy in the attenuative bottom. The total bottom attenuation along the transmission path from source to receiver is then given in dB by
where ␤ is the attenuation coefficient within the sedimentary layer, expressed in dB/km/Hz, and z b (r) is the bathymetric depth at any given horizontal location. 20 Bottom losses thus trade off with energy excitation for any given mode and frequency. As seafloor depth increases, the attenuation of a given mode decreases and, at sufficient depths, the attenuation is negligible as the mode is transmitted entirely in the ocean column. An attenuation coefficient ␤ of 0.10 db/ km/Hz was used, consistent with mean values for a sedimentary bottom. 15 The total pressure from the entire sheet of point scatterers is given by the summation over all points in the vicinity of the epicenter, i.e.,
where r e is the epicentral location, z e is the hypocentral depth, d s ϭͱ(z e Ϫz s ) 2 ϩ(r e Ϫr s ) 2 is the distance from the earthquake hypocenter to the seafloor scatterer, f is the frequency, ␣ is the coefficient of attenuation within the crust and mantle, and s() is the scattering coefficient as a function of the angle of incidence on the rough interface. The term in square brackets above describes the pressure incident from below on the rough seafloor, i.e., pressure decreases due to spherical spreading and frequency-dependent attenuation within the crust and upper mantle. We use an ␣ value of 0.02 dB/km, consistent with mean values for oceanic crust. 17 The forms of the scattering function and the frequency power law depend on the relative scale sizes of the scattering bodies and the wavelength of the sound energy. For scattering bodies that are small compared to the incident field wavelength, the scattered field can be approximated by the method of small perturbations ͑MSP͒, first used by Rayleigh 21 to investigate scattering of sound at irregular surfaces. The MSP predicts that the intensity of the scattered field varies with the fourth power of frequency, i.e., pressure varies as f 2 , and that the scattered field is nearly omnidirectional. 22 The tangent plane method, also called the Kirchoff approximation, is used for large scale roughness. In this case it can be shown that scattered intensities are independent of the sound frequency, i.e., nϭ0 in Eq. ͑3͒. For the small slopes typical of sedimentary seafloors, it can be shown that the scattered field is concentrated in the specular direction for large scale scatterers. 22 The seafloor is generally characterized by roughness over a wide range of scale lengths. 23 For a rough interface with both small-scale and large-scale irregularities, it can be shown that scattering due to large-scale roughness dominates at low angles of incidence, and drops off rapidly with increasing angles. 22 Scattering due to small-scale irregularities becomes more important at higher angles of incidence. However, since scattering by large-scale inhomogeneities directs energy in the specular direction, we conclude that it is no more efficient at generating T-phases than downslope propagation. In contrast, the scattered sound field excited by smallscale scatterers is nearly omnidirectional; therefore we assume that, although only a small fraction of the total incident field is scattered, T-phases are primarily excited by smallscale scattering for gently sloping, sediment covered seafloors typical of continental shelf regions. Thus pressure amplitudes vary as f 2 , and since scattering strengths are only weakly dependent on angle of incidence, we set s()ϭ1 in Eq. ͑3͒ above.
A more complete description of scattering at a rough seabed, including the effects of nonzero shear velocities in the seafloor, 24 is beyond the scope of this article. However, it should be noted that energy can only be scattered approximately in proportion to the S to P, or P to P transmission coefficients. Thus, normally incident shear waves on the ocean waveguide cannot excite low grazing angle acoustic waves within the ocean waveguide. At higher angles of incidence, both P and S waves can excite T-phases, but the relative contribution will depend on the relative partitioning of P and S energy at the source which is unknown. Furthermore, since the radiated energy depends on the size of the scattering bodies, which is unknown, we assume in this study that seafloor roughness is uniform over a broad region in the vicinity of the epicenter. Therefore, we do not specify an absolute value of the scattered energy, but seek only to demonstrate that small-scale scattering yields the general timefrequency characteristics of both slope and abyssal T-phases excited at a sedimentary seafloor.
A. Acoustic excitation as a function of seafloor depth
The combined ocean/seafloor velocity profiles must be used to determine modal excitation at the seafloor. An acoustic velocity structure connecting an ocean velocity profile to a typical sedimentary seafloor P-wave velocity profile 16 is shown in Fig. 1 for a water depth of 1 km. The water column velocity profile was computed using an equation relating ocean temperatures and salinities to acoustic velocities 26 for temperature and salinity data from the Levitus database. 25 The seafloor can be treated as an acoustic medium, as S-wave velocities in the upper 100 m of the seafloor are very low, on the order of 125 m/s 16, 17 or even less. The first three modes corresponding to the velocity profile of Fig. 1͑a͒ , computed using a WKBJ method, 27 are shown in Figs. 1͑b͒ and 1͑c͒ at 5 Hz and 20 Hz. As indicated, low-order modes penetrate the ocean bottom at this depth and thus can be excited by scattering. At much higher frequencies, or greater depths, low order modes have zero amplitude at the seafloor, so they cannot be excited by seafloor scattering. Thus the modal excitation due to seafloor scattering depends on both frequency and seafloor depth.
To estimate the modal excitation as a function of frequency and seafloor depth the computation indicated in Fig.  1 was repeated for a series of frequencies and seafloor depths. At each depth, standard sedimentary seafloor velocity profiles were appended to ocean velocity profiles and mode amplitudes were computed at the seafloor. The mode intensity as a function of the seafloor depth, which we term the excitation function, is shown in Fig. 2 for each of three modes and frequencies. As indicated, the excitation functions are strongly dependent on both frequency and depth. The 
optimal depth of excitation for any given mode increases with increasing mode number, and is approximately equal to the corresponding cutoff depth. Thus lower modes, which dominate acoustic signals at long ranges, 20 are preferentially excited in shallower regions. Furthermore, the peaks of the excitation functions decrease and become broader with increasing mode number, thus excitation of high modes is less efficient and less depth dependent than for low modes. Overall, this implies that the scattering of seismic to acoustic energy in shallow areas results in the excitation of low acoustic modes and that the strength of this coupling is strongly dependent on bathymetric depth. At a sloping interface, the acoustic energy in a given low mode ceases interaction with the bottom as it propagates into deeper water.
Modes excited by a point source on a flat seafloor at 4.5 km depth are shown in Fig. 3͑a͒ . Since a seafloor source can excite only bottom-interacting modes, lower-order modes can be generated only at the lowest frequencies. As the frequency increases, only higher-order modes are excited. The corresponding transmission coefficients, i.e., the fraction of energy that is propagated to the receiver, are shown in Fig.  3͑b͒ for a path length of 4000 km. As shown here, the transmission coefficients increase with frequency and decrease with mode number, reflecting the fact that higher modes and
cients for a path length of 4000 km, for a flat seafloor at 4.5 km depth. ͑c͒ Modal intensities observed at a receiver at a distance of 4000 km, given by the products of values in ͑a͒ and ͑b͒.
lower frequencies penetrate more deeply into the bottom. In general, the attenuation depends strongly on the bathymetry along the transmission path; higher modes are stripped away by bathymetric promontories. However, even for an ocean floor that is perfectly flat from source to receiver, higher order modes are stripped away with increasing sourcereceiver distance, as they interact with the seafloor along the entire transmission path. The modal energy observed at the receiver is a product of the modal excitation and transmission coefficients and is shown in Fig. 3͑c͒ . As indicated, the lowest modes excited at the epicenter are transmitted most efficiently. These are modes that interact very weakly with the bottom, thus are only weakly excited. At these depths, excitation is nearly independent of seafloor depth.
B. Computation of travel times
Finally, acoustic travel times for each point are derived by integrating the modal group velocities along geodesic paths from each gridpoint to the receiver. The average seismic phase velocity for a cluster of events may be estimated by comparing the length of the seismic travel path to time delays between observed T-phase arrivals and computed acoustic travel times, as in the next section.
Several events south of the Fox Islands in the Aleutian chain excited both classes of T-phases which were recorded at hydrophones near Wake Island and off the coast of California. A map relating source and hydrophone locations is shown in Fig. 4 . A detailed map showing bathymetry and estimated epicentral locations is shown in Fig. 5 . As indicated, ocean depths at the epicenters range from 5-6 km, far below the sound channel. Spectral ratio sonograms computed for the T-phase recordings at WK30 and Pt. Sur are shown in Fig. 6 . For the WK30 recordings, each sonogram exhibits at least two arrivals, with the high frequency abyssal phase preceeding the lower frequency, longer duration, slope phase. A notable feature of the later arrivals is that their signal-tonoise ratios are greater than those of the abyssal T-phase although they are generated further from the earthquake hypocenter. Also, the strength of the slope and abyssal T-phase arrivals near Wake Island are comparable, but at Pt. Sur the abyssal T-phases generally have much lower amplitudes than the slope phases, and are barely discernible for two of the events. This suggests that the abyssal T-phase is more susceptible to transmission blockage by bathymetric obstacles than the slope phase, consistent with our hypothesis that the abyssal phases are made up of higher order modes, which are susceptible to mode-stripping by bathymetric obstacles along the travel path.
Integration of modal group velocities indicates that modal dispersion along the source-receiver path is on the order of several seconds. This is negligible compared to the length of the T-phase wavetrains, and suggests that T-phases are generated over a distributed region of the seafloor. However, we define the T-phase source location as that corresponding to the peak arrival time, and estimate this for each phase. The total travel time for each phase is equal to the sum of the seismic travel time through the crust and upper mantle, and the acoustic travel time for oceanic propagation. The latter quantity is computed for a grid of points in the vicinity of the epicenter by integrating SOFAR channel velocities, derived from the Levitus database, 25 along geodesic travel paths. Since the seismic velocity, and hence the seismic travel times, are unknown, T-phase source regions are not uniquely identified. Therefore, given earthquake onset times and arrival times for each phase at only two hydrophones, the T-phase source locations are defined along arcs, which trend north-south for the given source-receiver geometry. Given additional reasonable assumptions about the seismic velocity-we assume that it must be greater than the average SOFAR velocity and less than 8 km/s-and given that the observed T-phases cannot be generated where acoustic transmission is blocked along the source-receiver path, T-phase source locations can be pinpointed to within 0.1 deg in both longitude and latitude.
Source location estimates for the slope T-phases are also shown for each event in accuracy of the location estimates and time picks. The lowerfrequency slope T-phases are generated at greater distances from the epicenter, in regions of shallow, sloping bathymetry, in agreement with previous studies. 6, 7, 10 The approximate linearity between the seismic delay times ͑defined as the difference between the T-phase arrival time and the acoustic travel time͒ and the distance between the epicenters and corresponding T-phase source locations gives us confidence that the T-phase source locations are accurately estimated. These values are plotted in Fig. 7 ; from the slope we compute a velocity of 2.0Ϯ0.3 km/s for the seismic phase coupling to the slope arrivals. The slow seismic velocity suggests that T-phases excited at large distances from the epicenter result from the conversion of shear waves to the ocean-borne acoustic phase.
The corresponding velocity of the seismic phase that couples to the abyssal T-phase is poorly determined, given the accuracy of the picks and of the estimated source locations. Given that only P-waves can excite acoustic energy within the waveguide at normal incidence, the seismic velocity associated with the abyssal phase is likely greater than 2 km/s. However, given the short distance travelled by the seismic wave prior to conversion to an abyssal phase, this value is sufficiently accurate for our computations.
III. NUMERICAL EXAMPLES
In this section, we model T-phase arrivals at the WK30 hydrophone for several events south of the Fox Islands. Only arrivals at WK30 are synthesized, since instrument corrections are not available for the Pt. Sur hydrophones. We assume that the source rupture duration and area may be treated as a point source in both time and location. Further- more, we assume that the source radiates seismic energy uniformly across the frequency band of interest.
Synthesized source regions for T-phases excited by the event at 52.1755N, 165.2835W, with a depth estimate of 37.5 km are mapped in Fig. 8 for several modes, at a frequency of 5 Hz. The pressure at each point is given by
͑4͒
As shown, T-phase energy in the lowest modes is excited along the shallow regions at the edge of the continental shelf. Areas to the western and northern ends of the source region are in an acoustic shadow, blocked by the Emperor seamount chain and by the Aleutian Islands, respectively. With increasing mode number, the T-phase excitation increases in the vicinity of the epicenter and decreases in the shallow areas. For yet higher acoustic modes, the acoustic energy observed at Wake Islands becomes negligible due to mode stripping by bathymetric obstacles along the source-receiver path. Thus, the low modes, that are excited further from the epicenter, are associated with the slope T-phase. Higher modes, excited nearest to the epicenter, are associated with the abyssal T-phase. At higher frequencies, the incident energy at the continental shelf decreases due to the frequency dependent attenuation of the seismic phase, so the slope phases are only weakly excited. The synthesized mode envelopes for this event, formed by summing arrivals within 2-s bins, are plotted in Fig. 9 as a function of time after event rupture for several frequencies. T-phase energy excited in the shallow regions is concentrated in lower modes and has greater duration than the T-phase energy excited in the epicentral regions. The abyssal phases appear in the higher modes, and are nearly symmetric about the peak amplitudes. The separation of ''slopegenerated'' T-phases in the low modes, and the abyssal energy in the high modes, becomes more apparent with increasing frequency. Note the decrease in amplitude of the slope T-phase compared to that of the abyssal T-phase at the higher frequencies, due to the greater attenuation of seismic energy in the crust and upper mantle.
Envelopes were formed at frequencies of 2, 5, 10, and 20 Hz by summing intensities at each mode, weighted by the mode functions at the receiver locations. Finally, the synthesized sonograms were formed by linear interpolation between the envelopes; these are shown in the left column of Fig. 10 . The real, instrument-corrected sonograms are shown to the right. Sonograms are shown only for four of the events shown in Fig. 6 ; the center one, at 52.2388N, 164.8763W was left out due to its proximity, hence its similarity to the event at 52.1755N, 165.2835W.
Although not a perfect match, several characteristics of the synthetic sonograms agree with corresponding features of the WK30 sonograms. Both real and synthetic slope phases, which trail the abyssal phases, show a peak in energy at about 5 Hz, and have longer duration than the abyssal events. The synthetic sonograms also correctly predict that the abyssal T-phases have higher frequency content than the slope phase, and are nearly symmetric about the peak amplitudes. Arrival times for the abyssal phases agree, with the exception of the third event, which had a poorly constrained location. However, the computed abyssal phase has too low a dominant frequency, and falls off too rapidly with increasing frequency. Discrepancies between real and computed sonograms may be due to the simplifying assumptions made in the modeling, as discussed in the next section.
IV. DISCUSSION
A number of simplifying assumptions were made in the synthesis of the T-phase envelopes in order to isolate the effects of seafloor scattering from other geophysical effects. As a result, variations in amplitude with frequency and the relative scale sizes of the abyssal and slope phases are poorly constrained in this analysis. Factors which affect the frequency dependence of the observed T-phases are the earthquake source spectrum and the scale size of the seafloor scatterers. We have made the assumption that the characteristics of the seafloor near the Aleutian trench are similar to those of the continental shelf region. Furthermore, our assumption that the earthquake source spectrum is flat over the entire frequency range is true only if both the fault rupture surface and rupture duration are infinitesimally small. 28 For more realistic sources, the frequency spectrum drops off approximately as 1/f for frequencies greater than about 1 Hz, this makes the excitation of higher frequencies even more problematic.
Factors which affect both the variation in T-phase am- plitude with frequency and the relative amplitudes of the slope and abyssal T-phases are the seismic attenuation coefficients ͑␣ and ␤͒, the source depth, and the bottom velocity profile. An increase in ␤, the seismic attenuation of the sedimentary seafloor, results in a decrease in the abyssal T-phase amplitude relative to the slope phase since the abyssal T-phase interacts with the seafloor along a much greater portion of its propagation path. However, increasing ␣, the attenuation coefficient for the upper mantle and lower crust, decreases the computed amplitudes of both the slope T-phase and the high-frequency abyssal T-phase since the loss is proportional to the number of wavelengths traveled by the seismic phase through the crust and upper mantle. Unfortunately, although the frequency dependence and relative amplitudes of the slope and abyssal phases are strongly dependent upon the value of the seismic attenuation coefficients, these values are only approximately known, so that only order of magnitude computations can be done. Furthermore, shallow sources are predicted to be associated with high amplitude abyssal phases with higher dominant frequencies than deep sources, given the shorter seismic travel path through the attenuative crust and mantle. Finally, the velocity gradient within the seabottom affects the mode functions, and hence the computed amplitudes. For a high velocity gradient, the mode functions decrease rapidly with depth so the propagation loss due to seafloor interaction decreases. The effects of decreasing the velocity gradient is thus similar to increasing the attenuation coefficient ␤, i.e., it decreases the computed amplitude of the abyssal T-phase. An unexpected result of our analysis is that, although shear wave velocities in the sediments are so low that the seafloor may be treated as a fluid in computing the mode functions, the velocity of the seismic phase coupling to slope T-phases is consistent with shear waves. A mechanism to resolve this apparent incongruity is that S-waves convert to compressional waves at the interface between the elastic, oceanic crust and the seafloor sediments; this is supported by observations 29 that shear waves are converted at the sediment-rock interface and not at the sediment-seawater interface. Computations of S-and P-energy flux densities at the crust-sediment contact indicate that, at high angles of incidence, crustal shear waves impinging on the sediments are mainly refracted into the sediments as acoustic energy. At low angles of incidence, the shear waves are mainly reflected back into the crust. Compressional waves are mainly reflected back into the crust at high incidence angles, with a smaller portion refracted into the sediments. In this case, the abyssal phase is more likely to result from the conversion of P-waves and the slope phase from the transformation of S-waves.
V. SUMMARY
The major contribution of this article is to demonstrate that scattering of seismic to acoustic energy at a rough seafloor yields the approximate time-frequency characteristics of T-phases excited both at shallow regions within the SO-FAR channel, as well as at depths far below the sound channel. The modeling predicts that, although T-phases are generated most efficiently at shallow depths, significant T-phase energy can be excited at depths of several kilometers. The abyssal phases consist of high-order acoustic modes that interact weakly with the sediment layer along all, or almost all, of the transmission path but can have significant amplitude for paths with few bathymetric obstacles along the transmission path. For T-phase excitation distant from the epicenter, shear wave energy transforms to low-order acoustic modes at bathymetric promontories. The abyssal phase results from direct conversion of P-waves to higher-order acoustic modes. For both the slope and abyssal phases, the scattered energy correspond to rays that initially have grazing incidence on the seafloor; as depth increases, the slope ''rays'' become entrained within the sound channel minimum. The model predictions agree with the observations 30 that sources within the SOFAR sound channel excite low mode energy, whereas sources far below the channel excite higher acoustic modes.
